We previously showed that otx2 activates ectopic formation of the Xenopus cement gland only in ventrolateral ectoderm, de®ning a region of the embryo permissive for cement gland formation. In this paper, we explore the molecular identity of this permissive area. One candidate permissive factor is BMP4, whose putative graded inhibition by factors such as noggin has been proposed to activate both cement gland and neural fates. Several lines of evidence are presented to suggest that BMP signaling and otx2 work together to activate cement gland formation. First, BMP4 is highly expressed in the cement gland primordium together with otx2. Second, cement gland formation in isolated ectoderm is always accompanied by coexpression of otx2 and BMP4 RNA, whether cement gland is induced by otx2 or by the BMP protein inhibitor noggin. Third, BMP signaling can modulate otx2 activity, such that increasing BMP signaling preferentially inhibits neural induction by otx2, while decreasing BMP signaling prevents cement gland formation. In addition, we show that a hormone-inducible otx2 activates both ectopic neural and cement gland formation within the cement gland permissive region, in a pattern reminiscent of that found in the embryo. We discuss this observation in view of a model that BMP4 and otx2 work together to promote cement gland formation. q
Introduction
The dorsal ectoderm of the Xenopus embryo gives rise to neural tissue as well as a non-neural, mucus-secreting organ, the cement gland. The cement gland forms at the anteriormost extent of the embryo and is a useful marker of anterior ectodermal fates . Cement gland and anterior neural lineages are linked by their common expression of the homeobox gene otx2 (Blitz and Cho, 1995; Pannese et al., 1995) . otx2 is expressed in anterodorsal ectoderm and mesoendoderm and is a key regulator of anterior fate, inducing ectopic mesoderm, neural tissue, and cement gland when overexpressed in Xenopus embryos (Blitz and Cho, 1995; Pannese et al., 1995) . Targeted disruption of the mouse otx2 gene indicates that otx2 is essential for head formation (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) .
We previously showed that otx2 directly regulates cement gland formation in the ectoderm, but only in a ventrolateral permissive region of the embryo (Gammill and Sive, 1997) . This suggests that cement gland forms in ectoderm that has both dorsal and ventral character, while neural tissue forms exclusively in dorsal ectoderm. We postulated that overlap of dorsal otx2 expression with the ventrolateral permissive area normally restricts cement gland formation to the anterior extent of the otx2 expression domain, creating the endogenous dorsoventral pattern of neural tissue and cement gland in the anterior ectoderm (Gammill and Sive, 1997) . One factor that may de®ne the cement gland permissive region is the secreted protein BMP4. BMPs (bone morphogenetic proteins) are expressed in ventral tissues (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995; Schmidt et al., 1995) and have been shown to induce ventral mesoderm and the ventral derivative of the ectoderm, epidermis (Dale et al., 1992; Jones et al., 1992; Wilson and HemmatiBrivanlou, 1995) . The secreted factors noggin (Zimmerman et al., 1996) and chordin (Piccolo et al., 1996) induce cement gland and neural tissue by binding to BMPs and antagonizing BMP signaling (see Hemmati-Brivanlou and Melton, 1997) . In ectodermal explants, different doses of noggin or BMP4 activate either cement gland or neural fates, with neural tissue induced at low levels and cement gland induced at intermediate levels of BMP signaling (Knecht and Harland, 1997; Wilson et al., 1997) . This observation has lead to the proposal that diffusion of noggin and chordin from dorsal mesoderm may create a gradient of BMP4 activity in the anterior ectoderm of the embryo that signals the dorsoventral pattern of neural/cement gland/ epidermis (Knecht and Harland, 1997; Wilson et al., 1997) . Despite the attractiveness of this model, there is no direct evidence that a BMP gradient exists. Furthermore, the mechanism through which a BMP4 signaling gradient might specify cement gland versus neural fates is not known. It has been proposed that differential af®nity for target promoters by Smads, the BMP signaling intermediates (Graff et al., 1996; Hoodless et al., 1996; Liu et al., 1996; Thomsen, 1996) , could mediate the effects of a BMP gradient (Wilson et al., 1997) . However, other models are equally likely.
In this paper, we explore the possibility that BMP4 expression de®nes the region of the embryo permissive for cement gland formation. We show that BMP4 is highly expressed in the cement gland primordium along with otx2, and that BMP4 and otx2 RNA are always coexpressed when cement gland is induced in ectodermal explants. Consistently, we demonstrate that Smad1, which mediates BMP signaling, inhibits neural gene expression but not cement gland formation by otx2, while noggin, which blocks BMPs, inhibits cement gland. We ®nd that otx2 can also induce neural tissue in the cement gland permissive region of the embryo, in a pattern that recapitulates the endogenous arrangement of these tissues. From these results, we propose that interaction between otx2 and BMP4 signaling positions the cement gland.
Results

BMP4 and otx2 are normally coexpressed in the cement gland
The ability of a BMP4 activity gradient to induce cement gland or neural fates has suggested that BMP4 signaling might normally be involved in cement gland formation (Knecht and Harland, 1997; Wilson et al., 1997) . To address the possibility that BMP4 was a permissive factor that allows otx2 to induce cement gland, it was ®rst important to examine whether otx2 and BMP4 RNAs normally coexisted in the cement gland primordium. Although BMP4 expression in the mature cement gland has been reported previously (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995) , the localization of BMP4 RNA relative to the early cement gland primordium has not been examined. otx2, BMP4, and XCG-1 (a cement gland marker; Sive and Bradley, 1996) expression were examined at early neurula (stage 13.5), shortly after the time of cement gland speci®cation , by single and double whole mount in situ hybridization (Fig. 1) . The cement gland primordium, which was marked by expression of XCG-1 (Fig. 1a) , coincided with the anterior extent of otx2 expression (Fig. 1b) , which was present in the presumptive cement gland, forebrain, and midbrain (Fig. 1c; Blitz and Cho, 1995; Pannese et al., 1995) . otx2 expression overlapped with that of BMP4 in a broad, anterior domain ( Fig. 1d ) that corresponded to the cement gland primordium (compare with Fig. 1b ). BMP4 expression was maximal in this region of overlap, and expressed at lower levels ventrolaterally (Fig. 1e ). otx2 and BMP4 RNA coexisted in the region fated to become the cement gland at mid-gastrula and mid-neurula stages as well (data not shown).
These results demonstrated that high levels of BMP4 RNA de®ned the cement gland forming region within the otx2 expression domain. As previously observed (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995; Schmidt et al., 1995) , BMP4 was also expressed at lower levels in the ventrolateral region of the embryo permissive for cement gland formation.
otx2 dose can determine cement gland or neural fate
In order to address the signi®cance of BMP4 expression in the cement gland, we asked whether BMP4 was expressed when cement gland was induced by otx2. In this regard, we also compared the cement gland inducing activity of otx2 with its ability to activate neural fates (Blitz and Cho, 1995) . In particular, we asked whether different amounts of otx2 Fig. 1 . otx2 and BMP4 expression overlaps in whole embryos. Albino embryos at early neurula (stage 13.5) were analyzed by whole mount in situ hybridization for expression of XCG-1 only (a), otx2 (blue) and XCG-1 (purple; b), otx2 only (c), otx2 (orange) and BMP4 (purple; d), or BMP4 only (purple; e). White arrowheads point to the cement gland primordium, where XCG-1, otx2, and BMP4 expression overlap.
would give different readouts, as has been reported for the Drosophila homologue of otx2, orthodenticle (Royet and Finkelstein, 1995) , and suggested during regionalization of the mouse brain (Acampora et al., 1997) . Embryos were injected into both cells at the two-cell stage with increasing concentrations of otx2 RNA ranging from 10 to 400 pg. Animal caps were dissected at mid-blastula (stage 9) and harvested at mid-neurula (stage 15). Expression of XCG-1, XAG-1 (a cement gland marker; Sive and Bradley, 1996) , NCAM (a general neural marker; Kintner and Melton, 1987) , BMP4, and XVent-1 (a ventral marker; Gawantka et al., 1995) was assayed by reverse transcriptase±polymerase chain reaction (RT±PCR) (Fig. 2A) .
Injection of 400 pg of otx2, the highest dose tested, induced low-level XCG-1 and XAG-1 expression and high NCAM expression (Fig. 2B, lane 1) . Ventral markers BMP4 and XVent-1 were suppressed in this tissue relative to control caps (lane 7). NCAM expression remained high in animal caps from embryos injected with 200 or 100 pg otx2 RNA (Fig. 2B, lanes 2, 3) , then rapidly declined at lower doses (Fig. 2B, lanes 4±6 ). As NCAM induction decreased, cement gland marker expression increased to maximal levels at 50 pg of injected otx2 RNA (Fig. 2B , lanes 2±4). At this dose of otx2 RNA, BMP4 was expressed at uninjected levels (Fig. 2B , compare lanes 4 and 7). Cement gland induction dropped precipitously in caps injected with 20 pg and 10 pg of otx2, while Xvent-1 expression increased (Fig. 2B, lanes 5±7 ). Similar patterns were observed in three separate experiments (data not shown).
These results demonstrated that varying doses of otx2 differentially activated neural, cement gland, and BMP4 gene expression. At high otx2 concentrations, BMP4 RNA expression was inhibited and neural gene expression was favored. Lower otx2 doses permitted BMP4 RNA expression and induced cement gland, indicating a correlation between otx2, BMP4, and cement gland formation.
Cement gland induction by noggin correlates with BMP4 and otx2 coexpression
In order to ask whether otx2 and BMP4 RNA expression also correlated when cement gland was induced under different conditions, we next addressed whether these genes were also coexpressed in noggin-induced cement gland. In particular, we asked whether different concentrations of noggin, which differentially induce cement gland or neural fates (Knecht and Harland, 1997) , act by inducing variable levels of otx2 and BMP4 RNA. The effect of noggin concentration on the expression of otx2 and BMP4 was assayed in animal caps. Embryos were injected in both blastomeres at the two-cell stage with a range of noggin RNA concentrations, and animal caps were dissected at mid-blastula (stage 9). At mid-neurula (stage 15) and tailbud (stage 20), the explants were analyzed by RT±PCR for expression of XCG-1, NCAM, otx2, and BMP4 (Fig. 3A) .
When caps were harvested at stage 15, high noggin doses induced NCAM and otx2 but not XCG-1, and repressed BMP4 RNA expression (Fig. 3B , lanes 1 and 2). In contrast, at intermediate noggin concentrations, XCG-1 expression was activated along with NCAM and otx2 (Fig. 3B , lanes 3 and 4). Although NCAM induction at intermediate noggin was diminished relative to higher noggin doses, otx2 was expressed at equivalent levels at high and intermediate noggin concentrations (Fig. 3B , lanes 3 and 4). At the same time, BMP4 RNA was more strongly expressed in these caps (Fig. 3B , lanes 3 and 4). Caps injected with low levels of noggin resembled uninjected caps, expressing BMP4 but not XCG-1, NCAM, or otx2 (Fig. 3B , lanes 5 and 6).
The patterns of gene expression observed in noggininjected caps at stage 15 ( Fig. 3B ) vary somewhat from BMP-gradient data in the literature, where cement gland and neural tissue are induced at distinct thresholds of noggin (Knecht and Harland, 1997; Wilson et al., 1997) . In order to determine whether these differences were stage-dependent, and to facilitate comparison with published experiments, noggin-injected caps were also assayed at stage 20. At this stage, we observed sharper thresholds of XCG-1 and NCAM responsiveness to noggin than at stage 15, similar to the patterns of gene expression observed after injection of otx2 RNA (Fig. 2) . High doses of noggin induced strong expression of NCAM and otx2, suppressed BMP4 expression, and did not induce the cement gland marker XCG-1 (Fig. 3C , lanes 1 and 2). As reported previously (Knecht and Harland, 1997) , intermediate noggin concentrations induced low levels of NCAM expression and high levels of XCG-1 (Fig.  3C , lanes 3 and 4), with maximal XCG-1 expression at 0.5 pg of noggin (Fig. 3C , lane 4). At this dose of noggin, strong otx2 and BMP4 RNA expression were also observed (Fig. 3C , lane 4). As seen at the earlier harvest point, otx2 was induced in an all-or-none fashion (Fig. 3C , compare lanes 1±4). In caps injected with 0.25 and 0.1 pg of noggin, XCG-1 expression was no longer induced, correlating with the absence of otx2 expression (Fig. 3C , lanes 5 and 6), and resembling uninjected caps (Fig. 3C, lane 7) . The sharpness of the threshold response to noggin at stage 20 relative to stage 15 is likely due to a variety of factors, including stabilization of the BMP4 autoregulatory loop (Schmidt et al., 1996) , and the activity of downstream factors that re®ne the response to noggin. This re®nement of a threshold response is similar to that observed following activin treatment of animal caps (Wilson and Melton, 1994) .
These data showed that induction of cement gland by noggin also correlated with BMP4 and otx2 RNA coexpression, and that the noggin dose response was not a consequence of graded otx2 expression.
BMP signaling levels modulate otx2 activity
The tight correlation of otx2 and BMP4 RNA coexpression with cement gland formation suggested that these factors may interact to direct cement gland formation. In order to test the functional signi®cance of this correlation, we asked whether increasing or decreasing BMP signaling in the presence of otx2 would modulate cement gland formation in an animal cap assay (Fig. 4 ). Embryos were injected with 100 pg otx2 RNA and/or 500 pg Smad1 RNA, or with 50 pg otx2 RNA and/or 5 pg noggin. Animal caps were isolated at late blastula (stage 9), and at mid-neurula (stage 15), gene expression in the caps was assayed by RT±PCR (Fig. 4A) .
In the ®rst test of this hypothesis, BMP signaling was increased by expression of the downstream intermediate Smad1 (Graff et al., 1996; Hoodless et al., 1996; Liu et al., 1996; Thomsen, 1996) . Injection of 100 pg otx2 RNA (Fig.  4B , lane 1) activated strong XCG-1 and NCAM expression and inhibited ventral speci®cation, measured by XVent-1 expression, relative to CAT-injected animal caps (Fig. 4B , compare lanes 1 and 3). When otx2 and Smad1 were coexpressed (Fig. 4B, lane 2) , XCG-1 RNA was still strongly induced, changing little relative to caps expressing otx2 alone (1.1-fold less than otx2 alone; Fig. 4B , lanes 1 and 2). In contrast, NCAM induction was inhibited by Smad1/ otx2 co-expression compared with caps injected with otx2 alone (2.3-fold less than otx2 alone; Fig. 4B, lanes 1 and 2) . Concomitantly, XVent-1 expression in caps expressing otx2 plus Smad1 increased 4.5-fold over that in otx2-injected tissue (Fig. 4B, lanes 1 and 2) , indicating activation of more ventral fates. This pattern of gene expression resembled that of animal caps injected with low levels of otx2 (Fig. 2) or noggin (Fig. 3) . Animal caps from embryos injected with CAT control RNA (Fig. 4B, lane 3) or Smad1 RNA (Fig.  4B , lane 4) did not express XCG-1 or NCAM and expressed high levels of XVent-1. Results were averaged over two separate experiments, each giving highly reproducible results. A similar effect was observed after coinjection of otx2 and BMP4 RNA (four experiments; not shown) or after BMP4 protein treatment of otx2 injected animal caps (one experiment; not shown).
In a second test of this hypothesis, BMP activity was decreased by injecting noggin together with otx2. When 50 pg of otx2 RNA alone was injected, XCG-1 and BMP4 were expressed at high levels, while NCAM was weakly expressed, as described in Fig. 2 (Fig. 4C, lane 1) . In contrast, when noggin was coinjected with otx2, NCAM was strongly induced, while XCG-1 expression was almost undetectable and BMP4 RNA was repressed (Fig. 4C , lane 2). Similarly, low-level XCG-1 and BMP4 RNA expression and high-level NCAM expression were observed in caps expressing noggin alone (Fig. 4C, lane 3) . Uninjected caps did not express XCG-1 or NCAM and exhibited strong BMP4 RNA expression. These results are consistent with the inability of otx2 to induce cement gland in the neural plate (Gammill and Sive, 1997) , and support the hypothesis that cement gland formation requires a factor present only at low noggin concentrations. These data showed that modulation of BMP4 signaling could alter the activity of otx2. An increase in BMP signaling inhibited neural but not cement gland gene expression, while a decrease in BMP signaling inhibited cement gland formation. These results are consistent with activity of both otx2 and BMP4 during endogenous cement gland formation.
otx2-GR induces neural tissue and cement gland in the correct pattern
We previously showed that an inducible otx2 protein, otx2-GR, activates cement gland formation in only a subset of ventrolateral cells that ectopically express this protein (Gammill and Sive, 1997) . Since constitutive otx2 overexpression can activate NCAM expression ( Fig. 2 ; Blitz and Cho, 1995; Pannese et al., 1995) , we wondered whether the remaining otx2-GR expressing cells in the ventrolateral region of the embryo might form neural tissue. In particular, since endogenous neural tissue forms in dorsal ectoderm, whereas cement gland forms in ectoderm with more ventral character (Gammill and Sive, 1997) , we were interested in examining the dorsoventral position of ectopic neural tissue and cement gland within ventrolateral ectoderm.
To address these points, an inducible form of otx2 that included the glucocorticoid receptor ligand binding domain (otx2-GR; Gammill and Sive, 1997) was injected into one of two blastomeres at the two-cell stage. In order to minimize the induction of ectopic mesoderm by otx2 (Blitz and Cho, 1995; Pannese et al., 1995) , which would secondarily affect the ectoderm, otx2-GR was activated by addition of dexamethasone (dex) at mid-gastrula (stage 11.5) when competence to be induced as mesoderm is low (Jones and Woodland, 1987) . At tailbud (stage 20) or hatching (stage 28), embryos were analyzed by in situ hybridization for induction of NCAM and XCG-1 expression (Fig. 5A) .
At stage 20 (Fig. 5Ba ) and stage 28 (data not shown), embryos incubated in the absence of dex expressed only endogenous NCAM and XCG-1 RNA. Following hormone treatment, ectopic NCAM expression was observed throughout the ventrolateral ectoderm at both stages (Fig. 5Bb,c , white arrowheads). As previously reported, XCG-1 was also expressed in the ventrolateral ectoderm after dex treatment (Fig. 5Bb,c , black arrowheads; Gammill and Sive, 1997) . When both NCAM and XCG-1 were induced, XCG-1 Fig. 4 . Overexpression of otx2 induces cement gland when BMP signaling is increased, and NCAM when BMP signaling is inhibited. (A) Both blastomeres of a two-cell stage embryo were injected with otx2 and Smad1, noggin, or CAT (chloramphenicol acetyl transferase) control RNA. Animal caps were dissected at mid-blastula (stage 9) and aged until mid-neurula (stage 15). (B) In an experiment to increase BMP signaling, animal caps from embryos injected with 100 pg of otx2 and/or 500 pg Smad1 RNA or 500 pg CAT RNA were assayed by RT±PCR for expression of XCG-1, NCAM, or XVent-1, using EF1a as a loading control. Lane 1, otx2 and CAT-injected; lane 2, otx2 and Smad1-injected; lane 3, CAT-injected; lane 4, Smad1-injected; lane 5, stage 15 embryo. (C) In an experiment to decrease BMP signaling, animal caps from embryos injected with 50 pg otx2 and/or 5 pg of noggin RNA were assayed by RT±PCR for expression of XCG-1, NCAM, or BMP4, using EF1a as a loading control. Lane 1, otx2-injected; lane 2, otx2 and noggin-injected; lane 3, noggin-injected; lane 4, uninjected; lane 5, stage 15 embryo. All quantitation was normalized to EF1a and averaged over two experiments.
expression was restricted to the lower edges of the lacZ expressing domain, ventral to ectopic NCAM expression ( Fig. 5Bb,c ; 37 out of 39 embryos examined at stage 28). This pattern of ectopic expression was strikingly similar to the endogenous dorsoventral arrangement of NCAM and XCG-1 RNA (Fig. 5Ba) . Ectopic XCG-1 or NCAM expression appeared to cover the entire area labeled by the lineage tracer, accounting for all cells expressing otx2-GR. These effects were not a secondary effect of ectopic mesoderm formation since neither goosecoid nor muscle actin expression was induced in ventrolateral ectoderm after dex treatment at mid-gastrula (L.S. Gammill and H. Sive, in preparation) .
These data showed that otx2-GR induced both neural tissue and cement gland in the region we previously de®ned as competent to form cement gland. Cement gland was generally induced at the edges of ectopic otx2 expression domains, recreating the endogenous dorsal/ventral pattern of NCAM and XCG-1 expression.
Discussion
We show that cement gland formation correlates with coexpression of BMP4 and otx2 RNAs. We suggest that together, BMP4 and otx2 signaling activate cement gland development, and that BMP4 or other BMPs help de®ne the region of the embryo permissive for cement gland formation.
Regulation of BMP4 and otx2 expression
We observed a tight correlation between otx2 and BMP4 RNA expression and endogenous (Fig. 1) and experimentally induced (Figs. 2 and 3 ) cement gland formation. It is curious these two factors are coexpressed in the cement gland primordium, since BMP4 inhibits otx2 expression (Schmidt et al., 1995) and high levels of otx2 inhibit BMP4 RNA expression (Fig. 2) , and may help clear BMP4 RNA from the neural plate. How then is the overlap of otx2 and BMP4 RNA expression in the cement gland primordium achieved? Noggin and chordin are likely to be endogenous factors that activate otx2 (Lamb et al., 1993; Sasai et al., 1995) . While at high levels these factors inhibit BMP4 RNA expression, intermediate noggin concentrations (and therefore intermediate BMP signaling levels) activate otx2 and permit BMP4 RNA expression (Fig. 3) , leading to overlap of BMP4 and otx2 RNA expression. Thus, BMP4 RNA may be expressed in the cement gland primordium simply because its expression is not inhibited there. Alternatively, BMP4 may be actively induced in this region, a possibility suggested by higher levels of BMP4 RNA in presumptive cement gland than in adjacent ventral ectoderm. Within the cement gland, it is possible that otx2 and BMP4 are expressed in the same cells at levels where each does not ef®ciently inhibit the other. Alternately, since BMP4 is secreted and can act non-cell autonomously, otx2 and BMP4 need only be expressed in neighboring cells in order to functionally interact.
As in Xenopus, chicken BMP4 RNA expression is highest at the edges of the neural plate. In support of the hypothesis that BMP4 expression is actively induced at the borders of neural tissue, BMP4 expression is induced when organizer tissue is grafted into non-neural ectoderm (Streit and Stern, 1999) .
BMP4 RNA versus protein expression
It is important to note that while BMP4 RNA levels are highest in the cement gland (Fig. 1) , it is not known what levels of BMP4 protein are present in this region in the embryo. In vitro explant assays suggest that intermediate levels of BMP4 protein can induce cement gland, whereas high levels of this protein induce epidermis (Knecht and Harland, 1997; Wilson et al., 1997) . High-level RNA expression and intermediate protein activity are not inconsistent. While BMP4 protein levels in the cement gland may be positively modulated by the high RNA expression, BMP4 protein activity may be inhibited by diffusion of BMP antagonists noggin and chordin from the neural plate (Dosch et al., 1997; Jones and Smith, 1998 ; summarized in Fig. 6 ). Are other BMPs also expressed in the cement gland primordium? BMP4 RNA expression is much stronger than the expression of either BMP2 or BMP7 in this region (data not shown). BMP7 is weakly expressed in the developing cement gland at early neurula and, while BMP2 expression is undetectable at this stage, it is expressed in the cement gland at late neurula (data not shown; HemmatiBrivanlou and Thomsen, 1995) . Thus, these factors may also contribute to BMP activity in the cement gland.
Modulation of otx2 activity during cement gland and neural determination: gradient or cofactor?
The ability of otx2 to direct formation of both cement gland and neural lineages indicates that otx2 activity is different in these tissues. One possibility is that otx2 is expressed in a gradient and that different levels of otx2 normally promote different fates. This can occur in animal caps, where high doses of otx2 activate neural gene expression while lower doses activate cement gland gene expression (Fig. 2) . In support of this mechanism, a gradient of otd protein is required during patterning of the Drosophila eyeantennal disk (Royet and Finkelstein, 1995) . In mice, the level of otx1 and otx2 activity is important for the appropriate pattern of brain morphogenesis, although not in an obvious anterior to posterior progression (Acampora et al., 1997) . While we do not know the distribution of otx2 protein in Xenopus, otx2 RNA is expressed at high levels Knecht and Harland (1997) and Wilson et al. (1997) shows that a gradient of BMP activity can recapitulate dorsoventral pattern in the anterior ectoderm. (b) Inhibition of BMP signaling induces expression of anterior neural genes such as otx2 (Lamb et al., 1993; Sasai et al., 1995) . In turn, otx2 expression in the ectoderm is suf®cient to direct cement gland formation (Gammill and Sive, 1997) . (c) We hypothesize that when a BMP activity gradient is created, otx2 expression is activated at low and intermediate levels of BMP signaling. Simultaneous expression of otx2 and BMPs induces cement gland formation, while otx2 and low/no BMP signaling leads to neural induction, and BMP alone induces epidermis. (B) Patterning endogenous and ectopic cement gland and neural induction. (a) At early neurula, otx2 (hatching) is expressed in an anterior domain that overlaps with a gradient of BMP4 protein (dark gray to light gray shading representing high to low BMP4 concentrations respectively). In the absence of BMP4 activity (white), otx2 induces neural tissue, while the coexistence of otx2 and BMP4 signaling in the cement gland primordium leads to cement gland formation. BMP4 expression in the ventrolateral ectoderm corresponds to the cement gland permissive region of the ectoderm. (b) Inhibition/diffusion model: A gradient of BMP activity exists in ventrolateral ectoderm. In combination with this gradient, ectopic otx2 expression (hatching in oval) inhibits BMP4 expression, creating a ventrolateral area of low BMP4 protein (white oval). Diffusion of BMP4 protein from neighboring cells (gray circles) across the ectopic otx2 expression boundary leads to cement gland formation, while otx2 expression alone induces neural tissue. (c) Gradient model: Uneven inheritance of injected otx2 RNA (hatched triangle inside oval) leads to a gradient of inhibition of BMP4 expression and a gradient of BMP4 activity (gray triangle inside oval). The overlap of this graded otx2 and BMP4 expression determines the location of cement gland and neural induction.
in the cement gland primordium (Fig. 1c) , arguing against this model.
Another possibility is a combinatorial mechanism, in which similar levels of otx2 are expressed throughout the anterior dorsal ectoderm, and different cofactors in presumptive cement gland and anterior neurectoderm modify otx2 activity. Although no otx2 protein data is available in the embryo, in animal caps, different concentrations of noggin induce cement gland or neural fates at similar levels of otx2 RNA (Fig. 3) , indicating that an otx2 RNA gradient is not essential for differential fate choice. Further, since different concentrations of noggin activate cement gland or neural fates with more distinct transitions than does an otx2 gradient, noggin may act by inducing regulatory genes in addition to otx2, supporting the hypothesis that a simple gradient of otx2 activity does not govern the neural/cement gland fate choice.
A BMP/otx2 combinatorial mechanism may position cement gland formation
Three lines of evidence suggest that the ventrolateral cement gland permissive region, where otx2 can activate ectopic cement gland formation (Gammill and Sive, 1997) , is in part de®ned by BMP4 expression. First, otx2 and BMP4 expression correlate with cement gland formation; second, BMP4 is expressed throughout the permissive area; and third, BMP signaling modulates otx2 activity so that only cement gland is induced when BMP signaling is increased, and only neural tissue is induced when BMP signaling is inhibited (Fig. 4) . On the basis of these data, we additionally suggest that otx2 and BMP4 normally cooperate to induce and position the endogenous cement gland.
How do our observations relate to recent demonstrations in ectodermal explants (Knecht and Harland, 1997; Wilson et al., 1997) that high levels of BMP4 activity induce epidermis, intermediate levels activate cement gland formation, while low or no BMP4 signaling leads to neural fate (Fig.  6Aa) ? Inhibition of BMP signaling (Lamb et al., 1993; Sasai et al., 1995) , and thus formation of a BMP activity gradient (Fig. 2) , induces otx2 expression (Fig. 6Ab) . We suggest that the choice between cement gland or neural fates involves a common transcription factor, otx2, whose activity is modi®ed by BMP signaling. In dorsal ectoderm, otx2 acts in the absence of BMP signaling to activate anterior neural targets, whereas more ventrally, in the cement gland primordium, BMP signaling intermediates such as Smad1 interact directly or indirectly with otx2 to activate cement gland-speci®c promoters (Fig. 6Ac, Ba) . Most ventrally in the epidermis, Smad1 in the absence of otx2 would target activation of epidermal genes.
The BMP-gradient data obtained in isolated ectoderm (Knecht and Harland, 1997; Wilson et al., 1997) supports this combinatorial hypothesis, since both noggin-treated or dissociated animal caps used to de®ne the BMP-gradient effect express otx2 RNA (Lamb et al., 1993;  Fig. 3 ; L.S. Gammill, unpublished) . Speci®cally, under these conditions, partial inhibition of BMP signaling is suf®cient to fully activate otx2 expression (Fig. 3) , leading to otx2 and BMP4 coexpression and concomitant cement gland formation.
It is likely that factors in addition to Smad1 and otx2 are required to discriminate between cement gland and neural fates, since otx2 does not induce NCAM as ef®ciently as it does XCG-1, and since Smad1 does not completely inhibit NCAM induction by otx2 in explants. Further evaluation of a cooperative role between otx2 and BMP will await future examination of the physical interactions between otx2, Smads, and other proteins. In addition, constitutive overexpression of these factors in animal caps does not address the timing of this interaction. Since otx2 and BMP4 are coexpressed in the cement gland primordium from midgastrula (data not shown), through neurula stages, when cement gland differentiation begins, it is not yet clear when these factors might interact.
Mechanisms for patterning cement gland and neural lineages
Can the model proposed above explain how ectopic otx2 induces cement gland and neural tissue in the correct dorsoventral pattern in the ventrolateral ectoderm? One possibility (Fig. 6Bb) is that ectopic otx2-GR acts on an existing dorsoventral BMP gradient that would favor cement gland more ventrally where BMP concentrations are highest. Superimposed on this may be the ability of otx2 to effectively inhibit BMP4 expression (Fig. 2) even over the short time period of the experiment (Gammill, L.S. and Sive, H., in preparation) . Thus ectopic otx2 may help clear BMP4 RNA from the otx2-expressing region, inducing neural tissue. Limited diffusion of ventrally concentrated BMP4 protein (Dosch et al., 1997; Jones and Smith, 1998) across the ectopic otx2 expression boundary (gray circles) may help restrict BMP4/otx2 overlap ventrally where ectopic cement gland preferentially forms.
A second possibility (Fig. 6Bc) is that microinjected otx2 RNA is not evenly distributed in injected blastomeres. After cell division, the progeny of injected cells may therefore contain different levels of otx2 RNA, creating an otx2 dose effect (Fig. 2) , and giving regionally restricted cement gland and neural induction. As in the ®rst model, the prediction is that cement gland would form where an appropriate concentration of BMP4 is superimposed upon otx2 expression. Since otx2-GR RNA was injected into the animal pole, the highest levels of otx2 RNA would be inherited dorsoanteriorly (Bauer et al., 1994) and therefore, the lowest levels of otx2 would tend to occur ventrally where ectopic cement gland usually forms. In support of this mechanism, injection of GFP RNA at the two-cell stage sometimes produces a tight group of¯uorescent cells, and sometimes gives graded uorescence in a broad swath of cells dispersed toward the vegetal pole at blastula stage (data not shown). Additionally, ectopic otx2-GR activity sometimes gave rise almost entirely to cement gland (data not shown), supporting a dose-dependent effect.
Our data have begun to dissect the interactions that give rise to complex dorsoventral pattern in the anterior ectoderm. The precise molecular mechanism by which otx2 and BMP4 or other factors modulate cement gland and neural fate decisions await future analyses.
Materials and methods
Growth, culture, microinjection, and dissection of embryos
Wild-type and albino embryos were collected and cultured as previously described (Sive et al., 1989) . Microinjection and animal cap dissection were performed as described in Gammill and Sive (1997) .
In vitro transcription
Capped mRNA was transcribed according to Krieg and Melton (1987) . Sense templates were as follows: CS21 otx2 (otx2 subcloned into the vector CS21; Rupp et al., 1994; Turner and Weintraub, 1994) , NotI, SP6 RNA polymerase; CS21 otx2-GR (Gammill and Sive, 1997) ; noggin (CS21 noggin; gift of Richard Harland), NotI, SP6; Smad1 (pXMad (Thomsen, 1996) . Anti-sense RNA in situ hybridization probes were synthesized in the presence of digoxygenin-11-UTP (Harland, 1991) . Anti-sense templates were as follows: NCAM (pSP71-NI; Kintner and Melton, 1987) ; XCG-1 (H8-1; Sive et al., 1989) ; otx2 (potx2-BS; Gammill and Sive, 1997) ; BMP4 (BMP4-pBS; BMP4 coding region in pBluescript), EcoRI, T7.
b -Galactosidase staining and in situ hybridization
b -Galactosidase staining was performed as described in Kolm and Sive (1995) . Whole mount in situ hybridization was performed as described in Harland et al. (1991) , with modi®cations described in Sagerstro Èm et al. (1996) . Double in situs were performed by mixing digoxygenin (detected with 250 mg/ml BCIP/250 mg/ml INT, orange stain; or 175 mg/ml BCIP alone, blue stain) and¯uorescein labeled probes (detected with NBT/BCIP, purple stain). Alkaline phosphatase activity was inactivated between detection steps in MAB containing 10 mM EDTA at 658C for 10 min followed by dehydration in methanol for 10 min.
Isolation of RNA and relative quantitative RT±PCR
RNA isolation, ®rst strand cDNA synthesis, and PCR reactions were prepared and analyzed as previously described (Gammill and Sive, 1997) . Primer pairs were as follows: XCG-1 (Gammill and Sive, 1997) ; XAG-1 (Gammill and Sive, 1997) ; NCAM, (Hemmati-Brivanlou and Melton, 1994) ; EF-1a (Gammill and Sive, 1997) ; BMP4 (Fainsod et al., 1994) ; XVent-1 (Gawantka et al., 1995) 
